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Mechanisms involved in the inhibition of myoblast proliferation 
and differentiation by myostatin. 

Joulia D, Bernardi H, Garandel V, Rabenoeiina F, Vernus B, Cabello G. 

Laboratoire Differenciation Cellulaire et Croissance, INRA, 2 Place Viala, 34060 
Montpellier Cedex 1, France. 

Muscle growth results from a set of complex processes including myogenic 
transcription factor's expression and activity, cell cycle withdrawal, myoblast 
fusion in myotubes, and acquisition of an apoptosis-resistant phenotype. 
Myostatin, a member of the TGFbeta family, described as a strong regulator of 
myogenesis in vivo Nature 387 (1997), 83; FEBS Lett. 474 (2000), 71 is 
upregulated during in vitro differentiation Biochem. Biophys. Res. Commun. 280 
(2001), 561. To improve characterization of myostatin's myogenic influence, we 
stably transfected vectors expressing myostatin and myostatin antisense in C2C12 
myoblasts. Here, we found that myostatin inhibits cell proliferation and 
differentiation. Our results also indicate that myogenin is an important target of 
myostatin. In addition, overexpressed but not endogenous myostatin decreases 
MyoD protein levels and induces changes in its phosphorylation pattern. We also 
established that myostatin overexpression reduces the frequency of 
GO/Gl -arrested cells during differentiation. Conversely, inhibition of myostatin 
synthesis leads to enhanced cell cycle withdrawal and consequently stimulates 
myoblast differentiation. We examined the expression patterns of the pRb, E2F1, 
p53, and p21 proteins involved in cell cycle withdrawal. We found that myostatin 
overexpression increases p21 and p53 expression, as it does accumulation of 
hypophosphorylated Rb. Interestingly, myostatin overexpression strongly reduced 
low-mitogen-induced apoptosis, whereas antisense expression induced contrary 
changes. In conclusion, these data show the influence of overexpressed myostatin 
on myoblast proliferation, differentiation, and apoptosis is extended to 
endogenous myostatin. Though some differences in overexpression or inhibition 
of endogenous myostatin were observed, it appears that myogenin and p21 are 
essential targets of this growth factor. 
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Adenovirus-mediated arterial gene therapy for restenosis: 
problems and perspectives. 

Feldman LJ, Tahlil O, Steg PG. 

Department of Cardiology, Hopital Bichat, Paris, France. 

Restenosis remains the main limitation of interventional cardiology. Restenosis 
occurs when angioplasty-induced intimal hyperplasia as well as arterial 
remodelling result in flow-limiting renarrowing of the arterial lumen at the 
angioplasty site. Intimal hyperplasia is an important candidate for gene therapy 
since it is related to smooth muscle cell proliferation, which is an inviting target 
for molecular antiproliferative strategies. To date, adenoviral vectors are, by far, 
the most efficient vectors to perform in vivo arterial gene transfer. These vectors, 
as well as others, have been recently used to demonstrate that therapeutic genes 
encoding cytotoxic (herpes virus thymidine kinase) or cytostatic 
(hypophosphorylatable Rb, Gax, endothelial nitric oxide synthase) products 
successfully inhibit smooth muscle cell proliferation and related intimal 
hyperplasia. Despite substantial progress, major technical issues, including the 
toxicity of first-generation adenoviral vectors, inefficient transduction of 
atherosclerotic arteries, and the risk of extra-arterial transfection remain to be 
addressed before gene therapy is applied to clinical restenosis. 
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Growth hormone and the insulin-like growth factor system in 
myogenesis. 

Florini JR, Ewton DZ, Coolican SA. 

Biology Department, Syracuse University, New York 13244, USA. 

It is very clear that the GH-IGF axis plays a major role in controlling the growth 
and differentiation of skeletal muscles, as it does virtually all of the tissues in the 
animal body. One aspect of this control is unquestioned: circulating GH acts on 
the liver to stimulate expression of the IGF-I and IGFBP3 genes, substantially 
increasing the levels of these proteins in the circulation. It also seems that GH 
stimulates expression of IGF-I genes in skeletal muscle, although there are a 
number of cases in which skeletal muscle IGF-I expression is elevated in the 
absence of GH. It is substantially less clear that GH acts directly on skeletal 
muscle to stimulate its growth; the presence of GH receptor mRNA in skeletal 
muscle is well established, but most investigators have been unsuccessful in 
demonstrating any specific binding of GH to skeletal muscle or to myoblasts in 
culture. It has been equally difficult to show direct actions of GH on cultured 
muscle cells; the only positive report concludes that the early insulin-like effects 
of GH can result from direct interactions between GH and isolated muscle cells. 
The effects of the IGFs on skeletal muscle are much clearer. It is well established 
by studies in a number of laboratories on a variety of systems that IGFs stimulate 
many anabolic responses in myoblasts, as they do in other cell types. IGFs have 
the unusual property of stimulating both proliferation and differentiation of 
myoblasts, responses that are generally believed to be mutually exclusive; in 
myoblasts, they are in fact temporally separated. The stimulation of differentiation 
by IGF-I is (at least in part) a result of substantially increased levels of the mRNA 
for myogenin, the member of the MyoD family most directly associated with 
terminal myogenesis. As levels of myogenin mRNA rise, those of myf-5 mRNA 
(the only other member of the MyoD family expressed significantly in L6 
myoblasts) fall dramatically, although myf-5 expression is required for the initial 
elevation of myogenin. The effects of IGFs are significantly modulated by 
IGFBPs secreted by myoblasts in serum-fi-ee medium, inhibitory IG-FBPs-4 and 
-6 are expressed and secreted by L6A1 myoblasts, while expression of IGFBP-5 
rises dramatically as differentiation proceeds. Other myoblasts also secrete 
IGFBP-2. Even if exogenous IGFs are not added to the low-serum 
"differentiation" medium, myoblasts express sufficient amounts of autocrine 
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IGF-n to stimulate myogenesis after a period of time; some myogenic cell lines, 
(such as Sol 8) are so active in expressing the IGF-II gene that it is not possible to 
demonstrate effects of exogenous IGFs. This autocrine expression of IGFs is by 
no means unique to skeletal muscle cells; indeed, it is so widely seen in cells 
responding to mitogenic stimuli that we suggest that IGFs can be viewed as 
extracellular second messengers that mediate most, if not all, such actions of 
agents that stimulate cell proliferation. The component of serum that suppresses 
IGF-n gene expression under "growth" conditions appears to be the IGFs 
themselves, which exhibit a very high potency in the feedback inhibition of IGF-II 
expression. In addition, IGFs have effects on the expression of other genes related 
to differentiation. Treatment of L6A1 cell with IGFs suppresses their expression 
of the myogenesis-inhibiting TGF beta s with a time course consistent with an 
initial proliferative step followed by differentiation, i.e. expression is first 
increased and then very substantially decreased. It is not established that this plays 
a role in control of differentiation, but experiments with FGF antisense constructs 
suggests that this may well be the case. Until recently, IGFs were the only 
circulating agents known to stimulate myoblast differentiation, in contrast to the 
relatively large number of growth factors that inhibit the process. It is now clear 
that thyroid hormones and RA also stimulate myogenesis, and that IL-15 enhances 
the stimulatory eff 
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Myostatin knockout in mice increases myogenesis and decreases 
adipogenesis. 

Lin J, Arnold HE, Della-Fera MA, Azain MJ, Hartzell DL, Baile CA. 

Animal & Dairy Science Department, University of Georgia, Athens, Georgia 
30602-2771, USA. 
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Growth differentiation factor-8 (GDF-8), or Myostatin, plays an important 
inhibitory role during muscle development. Since muscle and adipose tissue 
develop from the same mesenchymal stem cells, we hypothesized that Myostatin 
gene knockout may cause a switch between myogenesis and adipogenesis. Male 
and female wild type (WT) and Myostatin knockout (KO) mice were sacrificed at 
4, 8, and 12 weeks of age. The gluteus muscle (GM) was larger in KO mice 
compared to WT mice at 8 (P < 0.01) and 12 (P < 0.001) weeks. At 12 weeks, KO 
mice had decreased fat depots (P < 0.01). Compared to 12-week-old WT mice, 
serum leptin concentration in KO mice was lower (P < 0.001) and leptin mRNA 
expression was decreased (P < 0.01) in inguinal adipose tissue. CCAAT/enhancer 
binding protein-alpha (C/EBPalpha) and peroxisome proliferator-activated 
receptor-gamma (PPARgamma) levels in adipose tissue were significantly lower 
in KO mice compared to WT mice. Thus, increased muscle development in 
Myostatin knockout mice is associated with reduced adipogenesis and 
consequently, decreased leptin secretion. (c)2002 Elsevier Science (USA). 
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Thies RS, Chen T, Davies MV, Tomkinson KN, Pearson AA, Shakey QA, 
Wolfman NM. 

Genetics histitute, Inc., Cambridge, MA 02140, USA. sthies@genetics.com 

GDF-8 is a new member of the TGF-beta superfamily which appears to be a 
negative regulator of skeletal muscle mass. Factors which regulate the biological 
activity of GDF-8 have not yet been identified. However, the biological activities 
of TGF-beta superfamily members, TGF-betal, -beta2 and -betaS, can be 
inhibited by noncovalent association with TGF-betal, -beta2 and beta3 
propeptides cleaved from the amino-termini of the TGF-beta precursor proteins. 
In contrast, the propeptides of other TGF-beta superfamily members do not appear 
to be inhibitory. In this investigation, we demonstrate that purified recombinant 
GDF-8 propeptide associates with purified recombinant GDF-8 to form a 
noncovalent complex, as evidenced by size exclusion chromatography and 
chemical crosslinking analysis. Furthermore, we show that GDF-8 propeptide 
inhibits the biological activity of GDF-8 assayed on A204 rhabdomyosarcoma 
cells transfected with a (CAGA)12 reporter construct. Finally, we demonstrate 
that GDF-8 propeptide inhibits specific GDF-8 binding to L6 myoblast cells. 
Collectively, these data identify the GDF-8 propeptide as an inhibitor of GDF-8 
biological activity. 
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Transcriptional Effects of Chronic Akt Activation in the Heart* 

Received for publication, February 12, 2002, and in revised form, April 10, 2002 
Published, JBC Papers in Press, April 15, 2002, DOI 10.1074/jbc.M201462200 

Stuart A. Cook, Takashi Matsui, Ling Li, and Anthony Rosenzweigt 

From the Program in Cardiovascular Gene Therapy, Cardiovascular Research Center, Massachusetts General Hospital, 
Harvard Medical School, Boston, Massachusetts 02129 



Akt activation reduces cardiomyocyte death and in- 
duces cardiac hypertrophy. To help identify effector 
mechanisms, gene expression profiles in hearts from 
transgenic mice with cardiac-specific expression of ac- 
tivated Akt (myr-Akt) were compared with littermate 
controls. 40 genes were identified as differentially ex- 
pressed. Quantitative reverse transcription-PCR con- 
firmed qualitative results of transcript profiling for 9 of 
10 genes examined, however, there were notable quan- 
titative discrepancies between the quantitative reverse 
transcription-PCR and microarray data sets. Interest- 
ingly Akt induced significant up-regulation of insulin- 
like growth factor-binding protein-5 (IGFBP-5), which 
could contribute to its anti-apoptotic effects in the 
heart. In addition, Akt-mediated down-regulation of 
peroxisome proliferator-activated receptor (PPAR) y co- 
activator- 1 (PGC-1) and PPAR-a may shift myocytes to- 
ward glycolytic metabolism shown to preserve cardio- 
myocyte function and survival during transient ische- 
mia. IGFBP-5 transcripts also increased after adenovi- 
ral gene transfer of myr-Akt to cultured cardiomyocytes, 
suggesting that this represents a direct effect of Akt 
activation. In contrast, substantial induction of growth 
differentiation factor-8 (GDF-8), a highly conserved in- 
hibitor of skeletal muscle growth, was observed in trans- 
genic hearts but not after acute Akt activation in vitro, 
suggesting that GDF-8 induction may represent a sec- 
ondary effect perhaps related to the cardiac hypertro- 
phy seen in these mice. Thus, microarray analysis re- 
veals previously unappreciated Akt regulation of genes 
that could contribute to the effects of Akt on cardio- 
myocyte survival, metabolism, and growth. 



The serine-threonine kinase Akt (or protein kinase B) has 
well documented anti-apoptotic effects in many systems (1-3). 
We have shown that expression of a constitutively active mu- 
tant of Akt (myr-Akt) is sufficient to block apoptosis in hypoxic 
neonatal rat cardiomyocytes in vitro (4) and in vivo prevents 
cardiac injury while preserving heart function during ischemi- 
a-reperfusion injury (5). The downstream targets of Akt that 
mediate cell survival in the heart remain poorly characterized. 
Indeed some Akt substrates (e.^. Bad, glycogen synthase ki- 
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nase-3, and Bcl-2) identified in other cell types appear to be 
either expressed at very low levels or not phosphorylated by 
Akt in cardiomyocjrtes (5, 6). These data suggest that addi- 
tional Akt-dependent phosphorylation, translation, and/or 
transcription events may be required for Akt-mediated cjrto- 
protection in the heart. 

Translational effects of Akt involve the phosphorylation and 
activation of the mammalian target of rapamycin (mTOR)^ that 
in turn phosphorylates 4E-BP1 and p70S6 kinase (7). The net 
effect of these phosphorylation events is enhanced translation 
of specific mRNA subset(s), which is bound by the initiation 
factor eIF-4F and/or the ribosomal S6 subunit. In contrast, the 
transcriptional effects of Akt are less well defined, although the 
importance of these events may be greater than initially real- 
ized (8, 9). Akt-regulated gene transcription has been described 
for Glut-1 (10), vascular endothelial growth factor (11), and 
Bcl-2 (12), and a number of Akt-regulated transcription factors 
have been identified. Akt directly phosphorylates Forkhead box 
transcription factors, class O (FOXOs) (13-15) and may also 
regulate, through direct and/or indirect mechanisms, AP-1, 
cAMP-response element-binding protein, and NF-kB (16-19). 

To examine the transcriptional effects of Akt in the heart we 
analyzed the changes in global gene expression in transgenic 
mice with cardiac-specific expression of mjnr-Akt using DNA 
microarrays. This approach enabled the quantitation of the 
effects of Akt activation on ~ 11,000 genes. Results of interest 
were validated by quantitative RT-PCR (QRT-PCR). Here we 
identify genes differentially regulated by chronic Akt activa- 
tion in the heart and demonstrate that modulated transcripts 
represent a combination of primary and secondary effects. The 
importance of confirming microarray results of interest using 
additional, complimentary techniques is discussed. 

EXPERIMENTAL PROCEDURES 

Mice — Generation and phenot3T)ic characterization of myr-Akt mice 
is described elsewhere in detail (20). In brief, the cDNA encoding 
hemagglutinin-tagged Akt with a src myristoylation (myr) signal (kind- 
ly provided by Dr. Thomas F. Franke, Columbia University) was sub- 
cloned downstream of the 5.5-kb murine a-myosin heavy chain pro- 
moter (generously provided by Dr. Jeffrey Robbins, Division of 
Molecular Cardiovascular Biology, Cincinnati Children's Hospital Re- 
search Foundation) and used to generate transgenic mice through oo- 
cyte injection. Positive foimders were identified by Southern blotting 
and bred to wild-t3i)e C57BL6 mice for six generations. Two transgenic 
(TG) lines were maintained; the 20 line exhibited X-linked inheritance, 
whereas the 564 line exhibited autosomal inheritance. TG-positive F3 
mice were used for studies and compared with TG-negative littermates. 



^ The abbreviations used are: mTOR, mammalian target of rapamy- 
cin; FOXO, Forkhead box transcription factor, class O; QRT-PCR, quan- 
titative reverse transcription-PCR; myr, myristoylated; TG, transgenic; 
AvDiff, average difference; Ad, adenoviral vector; EGFP, enhanced 
green fluorescent protein; NRVM, neonatal rat ventricular cardiomyo- 
cyte; MLC1F/3F, myosin alkali light chain 1 fast^ fast; OTT, ovary 
testis transcribed; IGF, insulin-like growth factor; IGFBP, IGF-binding 
protein; PPAR, peroxisome proliferator-activated receptor; PCXI-l, 
PPAR-7 coactivator-1; GDF-8, growth differentiation factor-8. 
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Both lines express myr-Akt specifically in the heart at levels 5-7 -fold 
higher than the endogenous molecule and exhibit a substantial increase 
in Akt activation as measured by both in vitro kinase assays and in vivo 
phosphorylation of known substrates (20). 

Preparation of cRNA for Microarray Analysis — Total RNA was ex- 
tracted firom F3, 6-week-old, 20 line male mouse hearts using TRIzol 
(Invitrogen) according to the manufacturer's recommendations. RNA 
was resuspended in diethyl pyrocarbonate-treated HgO £uid further 
purified using the Qiagen (Chatsworth, CA) RNeasy total RNA isolation 
kit according to the manufacturer's instructions. RNA was quantified, 
and samples (n = 2-5 hearts) were pooled such that pooled RNA 
represented equal amounts (10 ^tg) of RNA from TG-positive or TG- 
negative mice within the litter. This was repeated in three independent 
experiments. Pooled samples (10 /Ag) were used to generate cDNA using 
the Superscript Choice system (Invitrogen) according to the Affymetrix 
protocol (Affymetrix, Santa Clara, CA). Resulting cDNA was used to 
generate biotin-labeled cRNA using the ENZO Bioarray High Yield 
transcript labeling kit (Affymetrix), cRNA (20 ^tg) weis fragmented in 
fragmentation buffer (40 mM Tris (pH 8.1), 100 mM potassium acetate, 
30 mM magnesium acetate) for 35 min at 94 "C. The quality of the cRNA 
was checked by hybridization to Test2 arrays (Affymetrix) according to 
the manufacturer's instructions. Subsequently samples were hybrid- 
ized to Affymetrix mU74A microarrays, and bound sequences were 
identified by staining and scanning according to Affymetrix protocols. 

Analysis of Microarray Data — To enable comparison between exper- 
iments expression data were globally scaled to an average intensity of 
1500 using the Affymetrix Microarray Suite™ software. A minimum 
value of 150 was assigned to all average differences (AvDifFs) with an 
intensity measurement below 150. Two parameters, the AvDiff and the 
absolute call (present or absent), extracted from the Affymetrix data 
files, were used in the data analysis, which was performed using Gene- 
spring™ (Silicon Cienetics, CA). Results were sorted using a combina- 
tion of high and low stringency filtering criteria. High stringency filter- 
ing required that a gene should have an absolute call of present in six 
of six samples with a mean -fold change of ^±1.6. Low stringency 
filtering required that the gene be called present in two of the three 
replicates in the more highly expressing group with a mean AvDiff of 
>750 and mean -fold change of ^2. Mean -fold changes between groups 
were calculated from the mean AvDiff s. Data passing these criteria 
were combined and subjected to statistical analysis. 

QRT-PCR Analysis — Total RNA was isolated and purified from the 
hearts of F3, 6-week-old male mice from the 20 and 564 transgenic lines 
as described above. Following purification RNA was quantified in trip- 
licate using Ribogreen (Molecular Probes, Eugene, OR) according to the 
manufacturer's instructions. RNA (5 /xg) was treated (10 min at 20 **C) 
with amplification grade DNase 1 (Invitrogen) following which the 
DNase 1 was heat-inactivated (5 min at 75 'C). QRT-PCR was per- 
formed in duplicate using the Brilliant One-Step QRT-PCR kit (Strat- 
agene. La Jolla, CA) containing SYBR Green I (1:30,000, Sigma), for- 
ward and reverse primers (50 nM each), and sample RNA (90 ng). 
Primers were designed to be compatible with a single QRT-PCR ther- 
mal profile (48 "C for 30 min, 95 "C for 10 min, and 40 cycles of 95 ""C for 
30 s and 60 "C for 1 min) such that multiple transcripts could be 
analyzed simultaneously. Accumulation of PCR product was monitored 
in real time (Mx4000, Stratagene), and the crossing threshold (Ct) was 
determined using the Mx4000 software. For each set of primers, a no 
template control and a no reverse amplification control were included. 
Postamplification dissociation curves were performed to verify the pres- 
ence of a single amplification product in the absence of DNA contami- 
nation. -Fold changes in gene expression were determined using the 
ACt method with normalization to total RNA (21, 22). 

Adenoviral Vectors (Ads) — Ad*EGFP*^-gal contains cytomegalovirus- 
driven expression cassettes for 0-galactosidase and enhanced green 
fluorescent protein (EGFP) (5). Ad-Akt(AA) utilizes a similar viral back- 
bone but encodes a dominant-negative Akt mutant and was kindly 
provided by Dr. Wataru Ogawa, Kobe University, Japan (23). Ad-myr- 
Akt and Ad EGFP mediate expression of hemagglutinin-tagged consti- 
tutively active Akt or EGFP, respectively, and have been described 
previously (5). Ads were amplified in 293 cells, the particle count was 
estimated from A^qq, and the titer was determined by plaque assay. 
Wild- type adenovirus contamination was excluded by the absence of 
PCR-detectable early region 1 (El) sequences. 

In Vitro Studies of myr-Akt Expression — Primary cultures of neona- 
tal rat ventricvilar cardiomyocytes (NRVMs) were prepared from the 
cardiac ventricles of Sprague-Dawley neonates as described previously 
(5). To study the effects of transient transgene expression, myocytes 
were infected with adenoviral vectors at a multiplicity of infection of 
100 for 24 h in Dulbecco's modified Eagle's medium containing 10% 



fetal bovine serum. Cells were subsequently serum-starved for 24 h 
prior to RNA extraction. RNA was extracted, purified, and quantified as 
described above. 

Immunoblotting— Hearts from littermate control and myr-Akt-ex- 
pressing mice were removed from deeply anesthetized Euiimals, snap 
frozen, and crushed under liquid nitrogen before tissue was homoge- 
nized in cold lysis buffer (20 mM Tris-HCl (pH7.6), 150 mM NaCl, 1% 
Triton X-100, 2 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM 
dithiothreitol, 1 mM sodium orthovanadate, 1 /ig/ml leupeptin, 1 /itg/ml 
aprotinin). Proteins from NRVMs were extracted by scraping cells di- 
rectly into cold lysis buffer as described previously (4), Protein concen- 
tration was measured by the Bradford method (Bio-Rad). Proteins (30 
tig) were separated by SDS-PAGE on 12% separation gels and trans- 
ferred to nitrocellulose membranes (Schleicher & Schuell) by semidry 
transfer. Blots were incubated with anti-Akt (1:1000, Cell Signaling) 
overnight at 4 "C and subsequently incubated with horseradish perox- 
idase-conjugated secondary antibody (1:5000, Dako). I mmunore active 
bands were detected by enhanced chemiluminescence (Cell Signaling). 

Statistics — Data are represented as mean ± S.E. Data were com- 
pared by two- tailed Student's t test. The null hjTJothesis was rejected 
for p < 0.05. 

RESULTS 

Effects of myr-Akt Expression on Gene Expression in the 
Heart— To identify genes differentially regulated by Akt in the 
heart we examined the gene expression profiles of mice with 
cardiac-specific expression of myr-Akt (20 line) compared with 
TG-negative littermate controls. The experiment was repeated 
three times to reduce erroneous data that can arise when 
pooled RNA alone is used as a substitute for experimental 
replication (25). Genes of interest were identified using the 
described filtering protocols and examined for statistically sig- 
nificant differences in expression. These analyses revealed that 
expression of myr-Akt in the heart resulted in the differential 
regulation of 40 (21 up- regulated and 19 down-regulated) of the 
^11,000 genes examined (Tables I and II). 

It is surprising to observe that the two genes with the great- 
est -fold changes in expression are not usually expressed in the 
heart. Myosin alkali light chain 1 fast/3 fast (MLC1F/3F, up- 
regulated 11.8-fold) is predominantly expressed in skeletal 
muscle (26) and the ovary testis transcribed (OTT, up-regu- 
lated 11.1-fold) gene is usually only expressed in the ovary or 
the testis (27). Induction of insulin-like growth factor-binding 
protein-5 (IGFBP-5) by insulin-like growth factor-I (IGF-I) via 
phosphatidylinositol 3-kinase and mTOR has been observed 
previously (28), although a direct connection to Akt has not 
been reported. Some genes of related function were coordi- 
nately regulated by chronic Akt expression. For instance, the 
potent inhibitor of angiogenesis pigment epithelium-derived 
factor was up-regulated 2.6-fold, while the angiogenic factor 
vascular endothelial growth factor was down-regulated 1.8- 
fold. In addition, transcripts for peroxisome proliferator- acti- 
vated receptor a (PPAR-a) and peroxisome proliferator-acti- 
vated receptor y coactivator-1 (PGC-1), both involved in fatty 
acid metabolism, were down-regulated. 

Validation of Microarray Data for myr-Akt-expressing Mice 
by QRT-PCR — The differential expression of six up-regulated 
and four down-regulated genes, identified by microarray anal- 
ysis, were validated by QRT-PCR. Relative transcript levels 
were determined in F3, 20 line TG-positive males compared 
with TG-negative male littermate controls (Fig. 1). QRT-PCR 
analysis confirmed 7 of the 10 genes were statistically differ- 
entially regulated {p < 0.05) in the 20 line. Cardiac ankjrrin 
repeat protein, pigment epithelium-derived factor, and IGF-II, 
although differentially regulated in accordance with microar- 
ray data, did not achieve statistical significance. Cardiac 
ankyrin repeat protein and pigment epithelium-derived factor 
were subsequently confirmed as differentially regulated (p < 
0.05) in the 564 line. Although the -fold change of some genes 
(IGFBP-5, pigment epithelium-derived factor, PGC-1, PPAR, 
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Table I 

Genes significantly up-regulated in myr-Akt-expressing mice 



Genes identified as up-regulated by microarrays were filtered and analyzed as described. SNAP, soluble iV-ethylmaleimide-sensitive factor 
attachment protein; EST, expressed sequence tag. 



Gene name 


-Fold change 


P 


GenBank™ 


MLC1F/MLC3F 


11.8 


<0,01 


A12973 


Ovary testis transcribed 


11.1 


<0.01 


X96603 


Insulin-like growth factor-binding protein-5 


5.4 


<0.05 


L12447 


Growth differentiation factor-8 


5.1 


<0.01 


U84005 


FXYD ion transport regulator 5 


3.6 


<0.05 


T TTOCOA 


Procollagen, type VIII, al 


2.8 


<0.05 


X66976 


Lysozyme P 


2.8 


<0.01 


X51547 


Golgi SNAP receptor complex member 2 


2.7 


<0.05 


AI847904 


Pigment epithelium-derived factor 


2.6 


<0.05 


AF036164 


Cardiac ankyrin repeat protein 


2.5 


<0.01 


AF041847 


Receptor activity modifying protein 1 


2.1 


<0.05 


AJ250489 


Complement component Iqc 


2.1 


<0.01 


X66295 


Peroxisomal biogenesis factor 11a 


2,0 


<0.05 


AF093669 


Odorant-binding protein lb 


2.0 


<0.05 


AW046850 


la-associated invariant chain 


1.9 


<0.05 


X00496 


Heterogeneous nuclear ribonucleoprotein L 


1.6 


<aoi 


AB009392 


Procollagen C-proteinase enhancer protein 


1.6 


<0.05 


X57337 


4ESTs 


(3.0-1.8) 


<0.05 





Table II 

Genes significantly down-regulated in myr-Akt-expressing mice 



Genes identified as down-regulated by microarrays were filtered and analyzed as described. EST, expressed sequence tag. 


Gene name 


-Fold change 


P 


GenBank™ 


Aryl-hydrocarbon receptor-interacting protein 


5.0 


<0.05 


AW227620 


Matrin 3 


3.0 


<0.01 


AB009275 


PGC-1 


2.9 


<0.01 


AF049330 


Short stature homeobox 2 


2.4 


<0,05 


U66918 


Homeodomain-interacting protein kinase 3 


2.3 


<0.05 


AF077660 


Esterase 1 


2.2 


<0.02 


AW226939 


Cd27-binding protein (SIVA) 


2.1 


<0.05 


AF033115 


Insulin-like growth factor II 


2.1 


<0.05 


X71922 


Vascular endotheUal growth factor 


1.8 


<0.05 


M95200 


PPAR-a 


1.7 


<0.05 


X57638 


Methyl malonyl -coenzyme A mutase 


1.6 


<0.05 


X51941 


8 ESTs 


(1.8-3.7) 


<0.05 
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Fig. 1. Comparison of gene expression of sequences identified as differentially regulated by microarray analysis in two myr-Akt- 
expressing lines. 10 genes identified as differentially regulated in 20 line transgenic hearts by microarray analysis were examined in two 
myr-Akt-expressing lines (20 line and 564 line) by QRT-PCR using gene-specific primers. Amplified products were detected in real time using 
SYBR Green I, and product specificity was confirmed by postamplification dissociation ciu-ve analysis. Gene expression levels in TG20 and TG564 
transgenic hearts were determined relative to littermate controls (n - 3-4 in both groups). A, up-regulated genes: relative expression levels of six 
up-regulated genes in the 20 line and 564 line myr-Akt-expressing mice. Data are expressed as mean i S.E, (*, p < 0.05; **, p < 0.01). B, 
down-regulated genes: relative expression levels of four down-regulated genes in the 20 line and 564 line myr-Akt-expressing mice. VEGF, vascular 
endothelial growth factor; PEDF, pigment epithelium-derived factor; CARP, cardiac ankyrin repeat protein. 



and vascular endothelial growth factor), as determined by 
QRT-PCR analysis, correlated with the -fold change reported 
by microarray analysis there were three major discrepancies. 
The greatest discrepancy was observed in the expression levels 
of OTT, which was reported as 11,1-fold up-regulated by mi- 



croarray analysis compared with 675-fold by QRT-PCR (Table 
I and Figs, 1 and 2). The second major discrepancy was seen in 
the expression levels of growth differentiation factor-8 (GDF- 
8), which was reported as 5.1-fold up-regulated in TG20-posi- 
tive hearts by microarray analysis compared with 18.4-fold 
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Fig. 2. Amplification curves and postamplification dissociation curves for OTT in 20 line mice. Total RNA was prepared from 20 line 
TG and littermate (LAf) controls and subjected to QRT-PCR analysis of OTT mRNA levels using gene-specific primers and pes tamplifi cation melt 
curve analysis. A no template control (NTC) and a no amplification control (NAC) were included to confirm accumulation of a single PGR product 
of the predicted melting temperature in the absence of DNA contamination. A, amplification: amplified product was detected after an average of 
18.7 cycles of PGR in TG hearts compared with an average of 28.1 cycles in littermate control hearts (n = 3 in both groups). Accumulation of 
nonspecific product was observed in the no template control after 33 cycles. No amplification was observed in the no amplification control 
confirming the absence of DNA contamination. B, melting point analysis: the first derivative of the postamplification dissociation curve 
demonstrates that the accumulated product has a single melting point in accordance with that predicted for the specific OTT amplicon. Minimal 
nonspecific primer-dimer was observed in the no template control, and no DNA-derived product was observed in the no amplification control. 



up-regulated by QRT-PCR. These discrepancies may be ex- 
plained, in part, by the greater dynamic range afforded by 
QRT-PCR analysis. However, this explanation cannot account 
for the difference between microarray and QRT-PCR data for 
MLC1F/3F expression. An 11.8-fold ip < 0.01) up-regulation of 
MLC1F/3F was recorded by microarray analysis compared 
with a 1.7-fold (p < 0.05) up-regulation as determined by QRT- 
PCR. The relative expression of MLC1F/3F was further exam- 
ined by Northern blot analysis, which revealed a modest in- 
crease in MLC1F/3F mRNA levels in TG-positive hearts in 
accordance with the QRT-PCR data and in deference to the 
microarray data (data not shown). 

Comparison of Differential Gene Expression between Two 
myr-Akt TG Lines — To control for differences in transgene in- 
sertion, expression, and activity, we determined the relative 
expression of the 10 genes examined by QRT-PCR in the 20 line 
in a second myr-Akt-expressing line, the 564 line (Fig. 1). For 
all genes except OTT, the pattern of differential expression 
observed in TG20 mice was confirmed in TG564 mice, although 
the -fold change in expression was significantly greater in the 
564 line for GDF-8 and IGFBP-5 (64.9 versus 18.4, p < 0.01 and 
6.0 versus 3.8, p < 0.05, respectively; Fig. 14). Although OTT 
mRNA was detected in the TG564 hearts, there was no differ- 
ence in the low level of expression between TG-positive and 
-negative littermates. 

Effects of Transient myr-Akt Expression on IGFBP-5 and 
GDF-8 Transcript Levels in Vitro — We next examined whether 
IGFBP-5 and/or GDF-8 were directly regulated by acute Akt 
activation in cardiomyocj^es using an in vitro system (4). 
NRVMs were infected with Ad*EGFP, Ad-myr-Akt, or domi- 
nant-negative Ad-Akt(AA). Ad-Akt(AA) served as a full-length 
control for the Akt molecule, including the pleckstrin homology 
domain but lacking catalytic activity. The effects of these con- 
structs on IGFBP-5 and GDF-8 gene expression were deter- 
mined by QRT-PCR (Fig. 3A). Expression of Ad-myr-Akt, at 
levels comparable to those observed in the TG mice (Fig. 3B), 
significantly up-regulated IGFBP-5 (7.2-fold, p < 0.05) com- 
pared with Ad*Akt(AA). This finding corroborates a previous 
study in vascular smooth muscle cells that demonstrated 
IGFBP-5 mRNA up-regulation by IGF-I in a phosphatidylinos- 
itol 3-kinase/mTOR-dependent manner (28). In contrast. 
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Fig. 3. Transient expression of myr-Akt increases mKNA en- 
coding IGFBP-5 but not that of GDF-8. NRVMs were infected with 
Ad-EGFP, Ad-myr-Akt, or Ad-Akt(AA) (multiplicity of infection = 100 
for all), and total RNA or protein was extracted after 24 h in serum-free 
medivun. A, expression of IGFBP-5 and GDF-8 mRNA: relative expres- 
sion levels of IGFBP-5 and GDF-8 were determined by QRT-PCR using 
gene-specific primers. Ad-myr-Akt increased the expression of IGFBP-5 
by 7.2-foId relative to Ad-EGFP, whereas Ad-Akt(AA) did not. In con- 
trast, Ad-myr-Akt had no effect on expression levels of GDF-8. Data are 
expressed as mean ± S.E. (**, p < 0,01; n = 3 in all groups), B, 
immimoblots of myr-Akt expression in vivo and in vitro: the expression 
levels of myr-Akt and endogenous Akt were determined to validate the 
comparison between in vivo and in vitro QRT-PCR data. Proteins (30 
^g) from hearts or cultured NRVMs were separated by SDS-PAGE, and 
Akt expression was determined by immxmoblotting. Top panel, 20 line 
littermate controls (lanes 1 and 2) and TG positives {lanes 3 and 4). 
Middle panel, 564 line littermate controls (lanes 1 and 2) and TG 
positives (lanes 3 and 4). Bottom panel, uninfected NRVMs (lanes 1 and 
2) and NRVMs infected with Ad-m3T-Akt (multiplicity of infection = 
100) for 24 h (lanes 3 and 4). 



Ad-mjT-Akt did not alter the expression level of GDF-8 at 24 h 
and had no effect on GDF-8 expression at either 48 or 72 h 
(data not shown). 

DISCUSSION 

Akt protects the heart from ischemia-reperfusion injury (5, . 
29), although it does not appear to phosphorylate many of its 
potential downstream targets, including Bad, when expressed 
in neonatal or adult cardiomyocytes (5). Thus, the mechanisms 
of Akt cardioprotection remain incompletely defined and may 
include transcriptional effects. The recent identification of Akt- 
dependent transcripts (e.^. Glut-1, Bcl-2, and Fas ligand) (10- 
12) and Akt-modulated transcription factors (e.g. FOXOs, AP-1, 
and cAMP-response element-binding protein) (13-17), which 
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are expressed in the heart, supports this hypothesis. We char- 
acterized the transcriptional effects of myr-Akt expression in 
the heart using DNA microarrays. 

It has been suggested that DNA microarray experiments 
should be repeated with at least three replicates (25) and that 
the resulting data sets should be filtered and validated to 
minimize erroneous data. Indeed, as much as one-third of the 
variation seen during an experimental comparison may be 
attributable to variations intrinsic to the arrays themselves 
(30). However, data filters should be used with caution as they 
can increase the number of false negative results. Thus 
changes in important, low copy transcripts, which are excluded 
from analysis by virtue of their low AvDiffs and/or their in- 
creased propensity to be called "absent," may be missed. We 
observed significant changes in the expression of 40 (-^0.4%) of 
the genes examined in myr-Akt-expressing hearts (Tables I 
and II). Of note, the two transcripts with the greatest -fold 
changes, OTT and GDF-8, were in the group of genes identified 
using the "low stringency" filter. This finding illustrates how 
potentially important data may be missed if too stringent a 
filter is applied to microarray data sets. 

We have demonstrated that Akt activation increases the 
transcription of IGFBP-5 in the heart. IGFBP-5 may have 
direct and/or indirect anti-apoptotic activity (31-34). There- 
fore, IGFBP-5 up-regulation, in an Akt-dependent manner, 
may be of particular importance to the cardioprotective effects 
of Akt. In the light of previous studies, Akt-dependent IGFBP-5 
up-regulation in the heart is likely to be mediated through 
mTOR (28), It is therefore interesting to note that rapamycin, 
an mTOR inhibitor, can dramatically attenuate the protective 
effects of insulin, which activates Akt, in the heart (29). In this 
study, we have also shown that Akt down-regulates PGC-1 and 
PPAR-a in the heart. This may shift cardiomyocyte metabolism 
away from fatty acid metabolism in favor of glycolysis, which 
has been shown to protect cardiomyocytes during transient 
ischemia (35, 36). 

Confirmation of microarray data by a previously validated 
and established technique should be performed for a selection 
of differentially regulated genes and in particular for genes of 
specific interest. Of the 10 genes analyzed by QRT-PCR, nine 
were confirmed in one or both of the transgenic lines as signif- 
icantly differentially expressed in keeping with the microarray 
data. However, the degree of differential regulation of OTT, 
GDF-8, and MLC1F/3F determined by QRT-PCR differed 
markedly from microarray results (Tables I and II and Fig. 1). 
OTT mRNA has been described only in the testis and ovary 
(27), and it was initially unclear why this gene should be 
up-regulated by Akt activation in the heart. As the inheritance 
in the 20 line is X-linked and OTT is encoded on the X chro- 
mosome (27), we hypothesize that the up-regulation of OTT 
may be an insertional effect of the transgene construct. Con- 
sistent with this hypothesis, OTT was not differentially regu- 
lated in the 564 line in which the low level of expression was 
similar to that seen in transgene-negative littermates from 
both lines and wild-type controls (data not shown). The possi- 
bility that the discrepancy between the two lines represents an 
insertional effect on an autosome in the TG564 mice (for exam- 
ple in a frans-acting element regulating OTT expression) ap- 
pears less likely but has not been formally excluded. As mi- 
croarray characterization of transgenic mice becomes more 
common and the murine physical map better characterized, the 
hitherto latent frequency of insertional events may become 
more apparent. 

The disparity between microarray and QRT-PCR data for the 
expression levels of GDF-8 and MLC1F/3F highlights two other 
important limitations of microarray data: dynamic range and 



sequence specificity. The -fold change in expression of GDF-8 in 
TG20 hearts, compared with littermate controls, was reported 
as 5.1-fold up-regulated by microarray analysis. In contrast, 
analysis of GDF-8 expression in the 20 line by QRT-PCR, likely 
a more accurate means of quantifying mRNA levels, revealed 
that GDF-8 was up-regulated by 18.4-fold. This underestima- 
tion of -fold change was even greater for OTT, which was found 
to be 11.1-fold up-regulated by microarray analysis compared 
with 675-fold by QRT-PCR (Table I and Figs. 1 and 2). The 
problem of false positive results reported by microarray anal- 
ysis was illustrated by the MLC1F/3F data, reported as 11.8- 
fold up-regulated by microarray analysis compared with 1.7- 
fold (20 line) and 1.4-fold (564 line) by QRT-PCR (Table I and 
Fig. 1). This false positive result could reflect an error in the 
sequences on the microarray, the occurrence of which was 
dramatically demonstrated when up to one-third of the se- 
quences on one set of mouse arrays were found to be wrong (37). 
Other possibilities for this type of error include cross-hybrid- 
ization by splice variants, related genes, and/or pseudogenes. 

The Akt^mTOR pathway has been identified as the crucial 
regulator of skeletal muscle and pancreatic islet cell hypertro- 
phy in vivo (38, 39). In both our myr-Akt-expressing mouse 
lines cardiac hypertrophy, with no evidence of decompensation, 
was observed at 6 weeks (20). Akt therefore promotes both 
skeletal and cardiac muscle hypertrophy. As Akt promotes 
cardiac hypertrophy, we h3T)othesize that the observed up- 
regulation of GDF-8, a negative regulator of muscle growth, 
acts as part of a negative feedback loop limiting heart size. The 
phenomenon of negative feedback and activation of adaptive 
mechanisms is recognized but infrequently described in trans- 
genic and knockout mice (40, 41). GDF-8, also termed myosta- 
tin, is highly conserved across species, and although first char- 
acterized in skeletal muscle (42, 43) it has also been identified 
in the heart (44). The hypothesis that GDF-8 up-regulation is a 
secondary event is supported by our in vitro experiments where 
expression of myr-Akt, at levels similar to those seen in TG 
mice (Fig. 35), resulted in the up-regulation of IGFBP-5 but not 
GDF-8 (Fig. 3A). It remains unclear whether GDF-8 expression 
is related to myocyte size or organ mass (24). 

In summary, these data demonstrate that chronic Akt acti- 
vation results in the differential regulation of ^40 genes in the 
heart. Several of the observed changes generate intriguing 
hypotheses regarding the effects of Akt in the heart and possi- 
ble mechanisms underlying Akt-mediatedcardioprotection. Akt- 
dependent up-regulation of the anti-apoptotic molecule 
IGFBP-5 may be of particular importance and could contribute 
to the observed cytoprotective effects of Akt in the heart. Sim- 
ilarly Akt down-regulation of PGC-1 and PPAR-a could shift 
myocytes toward glycolytic metabolism previously shown to 
help preserve cardiomyocyte function and survival during tran- 
sient ischemia (35, 36). Chronic Akt activation in the heart was 
associated with the differential regulation of a subset of genes 
that are dissimilar to those observed with acute Akt activation 
in other cell types, emphasizing the tissue and temporal spec- 
ificity of changes in transcription profiles (9). In the myr-Akt 
mice, some changes {e,g. IGFBP-5) appear to be direct conse- 
quences of Akt activation and were recapitulated in cardiom- 
yocytes in vitro, while other transcripts {e.g. GDF-8) were not 
induced by acute Akt activation in vitro and therefore likely 
represent an indirect effect of the transgene. Given the role of 
GDF-8 in limiting skeletal muscle growth, we hypothesize that 
the dramatic up-regulation of GDF-8 observed in hjrpertro- 
phied hearts may represent a negative feedback mechanism. 
However, additional studies will be necessary to demonstrate 
the functional relevance of the observed alterations in tran- 
script levels. Finally, while our transcript profiling and QRT- 
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PGR data were generally concordant, there were some striking 
discrepancies in the quantitative assessment of mRNA 
changes, underscoring the importance of validation of DNA 
microarray results through additional independent techniques. 
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